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Strongly enhanced quantum fluctuations of-
ten lead to a rich variety of quantum-disordered
states. A representative case is liquid helium, in
which zero-point vibrations of the helium atoms
prevent its solidification at low temperatures. A
similar behaviour is found for the internal de-
grees of freedom in electrons. Among the most
prominent is a quantum spin liquid (QSL)[1], in
which localized spins are highly correlated but
fluctuate even at absolute zero. Recently, a cou-
pling of spins with other degrees of freedom has
been proposed as an innovative approach to gen-
erate even more fascinating QSLs such as orbital–
spin liquids[2]. However, such ideas are limited
to the internal degrees of freedom in electrons.
Here, we demonstrate that a coupling of local-
ized spins with the zero-point motion of hydro-
gen atoms (proton fluctuations) in a hydrogen-
bonded organic Mott insulator[3–6] provides a
new class of QSLs. We find that a divergent di-
electric behaviour towards a hydrogen-bond or-
der is suppressed by the quantum proton fluctua-
tions, resulting in a quantum paraelectric (QPE)
state[7–9]. Furthermore, our thermal-transport
measurements reveal that a QSL state with gap-
less spin excitations rapidly emerges upon enter-
ing the QPE state. These findings indicate that
the quantum proton fluctuations give rise to a
novel QSL — a quantum-disordered state of mag-
netic and electric dipoles — through the coupling
between the electron and proton degrees of free-
dom.
The nature of QSLs has been well established in one-
dimensional (1D) spin systems. However, it still remains
elusive how QSLs emerge in dimensions greater than one.
The celebrated resonating-valence-bond theory on a 2D
triangular lattice [10] puts forward the possibility that
geometrical frustration plays an important role for sta-
bilizing QSLs. In fact, a few candidate materials hosting
QSLs have now been reported in materials with 2D tri-
angular lattices [4, 11–15]. Nevertheless, according to
subsequent theoretical studies [16, 17], the effect of geo-
metrical frustration in the triangular lattice is insufficient
to stabilize QSLs, leading to a number of mechanisms
that may stabilize the QSL states found in the candidate
materials. One of the most promising approaches is to
utilize a coupling of spins with charges and orbitals; the
former has been discussed near a Mott-insulator-to-metal
transition where the charge degrees of freedom begin to
delocalize [18–24] and the latter has been considered in
the framework of a spin–orbital coupling [2]. Such strate-
gies, however, have been limited to the utilization of in-
ternal degrees of freedom of electrons. Here, we demon-
strate a novel approach for stabilizing a QSL realized in
a hydrogen-bonded organic Mott insulator, in which a
coupling between π-electrons and hydrogen atoms pro-
vides a novel quantum-disordered state of magnetic and
electric dipoles.
κ-H3(Cat-EDT-TTF)2 (hereafter abbreviated as H-
Cat) is a hydrogen-bonded organic Mott insulator, where
Cat-EDT-TTF is catechol-fused ethylenedithiotetrathia-
fulvalene (refs 3–6). H-Cat forms a 2D spin-1/2 Heisen-
berg triangular lattice of Cat-EDT-TTF dimers [3]
(Figs 1 a and d). Despite the antiferromagnetic inter-
action energy J/kB of ∼ 80 K, no magnetic order has
been observed down to 50 mK; this indicates the re-
alization of a QSL state [4]. A distinct feature of
H-Cat is that the 2D π-electron layers are connected
by hydrogen bonds [3, 5] (Figs 1 a and b), which is
in marked contrast to other 2D organic QSL mate-
rials such as κ-(BEDT-TTF)2Cu2(CN)3 (ref. 11) and
EtMe3Sb[Pd(dmit)2]2 (ref. 12) where the 2D spin systems
are separated by non-magnetic insulating layers. This
structural feature of H-Cat is highlighted by deuteration
of the hydrogen bonds [5]; specifically, in the deuterated
analogue of H-Cat, κ-D3(Cat-EDT-TTF)2 (denoted as
D-Cat), deuterium localization occurs at Tc = 185 K, ac-
companied by charge disproportionation within the Cat-
EDT-TTF layers, resulting in a non-magnetic ground
state (Figs 1c and e). This demonstrates that the hy-
drogen bonds in this system strongly couple with the
charge and spin degrees of freedom of the π-electrons in
the Cat-EDT-TTF dimers.
In contrast to D-Cat, the hydrogen atoms in H-Cat
do not localize down to low temperatures [5]. This is
inconsistent with the fact [25] that the potential en-
ergy curve of the hydrogen bonds calculated for an iso-
lated supramolecule has a double minimum potential
with a large energy barrier of ∼ 800 K (see Figs 1b
and f), which should localize the hydrogen atoms in H-
2FIG. 1. Crystal structure and spin, charge and hydrogen/deuterium atom configurations in H-Cat and D-Cat. a, b, Crystal
structure of H-Cat viewed along the b axis (a) and hydrogen-bonded molecular unit H3(Cat-EDT-TTF)2 (supramolecule) in
H-Cat (b). The supramolecules are formed by two [H(Cat-EDT-TTF)]0.5+ molecules connected by the hydrogen bond. The
supramolecules are stacked along the (a+c) direction, as shown in a. For clarity, a part of the stacking columns is colored red and
purple in a. In the b-c plane, two face-to-face [H(Cat-EDT-TTF)]0.5+ molecules form a strongly dimerized unit (gray ellipsoid),
which generates the 2D π-electron layers connected by the O-H-O hydrogen bonds (light blue circle). c, Supramolecular unit
in D3(Cat-EDT-TTF)2. Note that δ in b (c) denotes the displacement of the hydrogen (deuterium) atom from the center of
the O-H-O (O-D-O) bond. d, Spin and charge structures of the 2D π-electron layer in H-Cat. The π-dimers form a slightly
anisotropic triangular lattice with S = 1/2 spins [3] (magenta arrows). e, Spin and charge structures of a 2D π-electron layer in
D-Cat below the phase transition temperature Tc of 185 K. Charge disproportionation associated with deuterium localization
leads to a non-magnetic ground state below Tc. The blue- and orange-colored dimers indicate the charge-rich (+0.94) and
charge-poor (+0.06) sites, respectively [5]. f, g, Schematics of the potential energy curves of the hydrogen atoms in H-Cat
(f) and the deuterium atoms in D-Cat (g). In H-Cat, the potential energy curve is suggested to change from a double-well
structure (dashed line) to a very shallow and anharmonic single-well structure (red solid line) owing to the many-body effect
arising from the network of hydrogen bonds and π-electrons [6, 25]. In sharp contrast, the energy curve in D-Cat retains a
double-well structure above Tc = 185 K (dashed line), leading to the deuterium localization at Tc (blue solid line).
Cat at low temperatures. Recent theoretical calculations
[6, 25] have pointed out that the potential energy curve
has a single-well structure and its bottoms become very
shallow and anharmonic (see Fig. 1f) owing to a many-
body effect arising from the network of hydrogen bonds
and π-electrons. In this case, the zero-point motions
of the hydrogen atoms (termed “proton fluctuations”)
can be strongly enhanced by the anharmonic potential
curve. In contrast to D-Cat, the enhanced proton fluctu-
ations may delocalize the hydrogen atoms down to abso-
lute zero, providing a playground for realizing the QSL
state through the strong coupling between the hydrogen
bonds and the π-electrons. However, it has been elu-
sive whether such strong quantum proton fluctuations
are indeed present in H-Cat, and if so, how the quantum
fluctuations affect the QSL state.
To answer these questions, we demonstrate a combina-
tion of dielectric permittivity and thermal conductivity
measurements. These methods are particularly suitable
because the dielectric permittivity is sensitive to local
electric-dipole moments arising from the hydrogen-bond
dynamics [26], whereas the thermal conductivity is a
powerful probe to detect itinerant low-lying energy exci-
tations associated with the nature of QSL states [27, 28].
Figure 2 shows the temperature dependence of the di-
electric constant ǫr(T ) for H-Cat and D-Cat. In H-Cat,
ǫr(T ) steeply increases with decreasing temperature and
then saturates below ∼ 2 K. In sharp contrast, ǫr(T ) of
D-Cat is temperature-independent owing to deuterium
localization (Fig. 2a). The temperature dependence of ǫr
for H-Cat is a typical dielectric behaviour observed in
quantum paraelectric (QPE) materials such as SrTiO3
(ref. 7), in which long-range electric order is suppressed
by strong quantum fluctuations. In the QPE state, ǫr(T )
is described by the so-called Barrett formula [8]:
ǫr(T ) = A+
C
T1
2 coth(
T1
2T )− T0
, (1)
where A is a constant offset, C the Curie constant, T0
the Curie-Weiss temperature in the classical limit (pro-
portional to the effective dipole–dipole coupling strength)
3FIG. 2. Dielectric permittivity of H-Cat and D-Cat. a, Temperature dependence of the dielectric constant ǫr(T ) = ǫ/ǫ0 in
H-Cat (red, left axis) and D-Cat (green, right axis), where ǫ is the dielectric permittivity and ǫ0 is the vacuum permittivity.
The inset illustrates our measurement configuration. The dielectric permittivity was measured by applying an a.c. electric
field (Eac) of 1 MHz along the a
∗ axis. b, The same data for H-Cat plotted on a logarithmic temperature scale. The solid
line is a fit to the Barrett formula (see the main text), demonstrating the emergence of a QPE state in H-Cat. The inset
shows the electric dipole moments induced within the deuterium bonds and the Cat-EDT-TTF dimers in D-Cat. Because
of deuterium localization, the adjacent deuterium bonds possess the local electric dipoles oriented in antiparallel directions
(green arrows) below Tc. Concomitantly, charge disproportionation is induced within the Cat-EDT-TTF dimers (Fig. 1c),
giving rise to the local electric dipoles (blue arrows). Thus, the antiferroelectric dipole–dipole interactions are induced by the
hydrogen/deuterium-bond dynamics.
and T1 the characteristic crossover temperature from the
classical to the quantum regime. As shown in the solid
line in Fig. 2b, ǫr(T ) of H-Cat is well fitted by the Bar-
rett formula with T0 = −6.4 K and T1 = 7.7 K; this
confirms that strong quantum fluctuations suppress long-
range electric order. The obtained negative value of T0
immediately indicates the presence of an antiferroelec-
tric (AFE) dipole–dipole interactions in H-Cat, which
is consistent with the static AFE dipole moments aris-
ing from deuterium localization in D-Cat (see the inset
of Fig. 2b). Therefore, the observed quantum paraelec-
tricity in H-Cat clearly shows that strong quantum fluc-
tuations that suppress the hydrogen-bond order as ob-
served in D-Cat arise from the potential energy curve
of H-Cat, consequently leading to the persistence of en-
hanced proton fluctuations down to low temperatures.
The presence of strong quantum fluctuations is consistent
with the recent theoretical calculations that highlight the
importance of strong many-body effects imposed by the
proton–π-electron network on the potential energy curve
of H-Cat [6, 25].
Using thermal conductivity measurements, we next ex-
amine how the proton dynamics in the QPE state affects
the nature of the QSL state in H-Cat. Figure 3 shows
the temperature dependence of the thermal conductiv-
ity of H-Cat (κH) and D-Cat (κD). The heat in H-Cat
is carried by the phonons (κHph) and the spin excitations
(κHsp), whereas in non-magnetic D-Cat, it is transported
only by phonons (κDph). Assuming that H-Cat and D-
Cat share almost identical phonon thermal conductivity
(κHph ∼ κ
D
ph), the relation κ
H = κHph + κ
H
sp ≥ κ
D
ph = κ
D
holds. Unexpectedly, however, we find that κH < κD
above 2 K (see Fig. 3a), indicating that κHph is much more
suppressed than κDph.
To investigate the origin of this suppression, we em-
ploy the Callaway model [29], which describes the heat
transport of acoustic phonons. Above 2 K, κH is repro-
duced by the model including a single resonance scatter-
ing mode with a resonance energy of ~ω0/kB ∼ 5–10 K
in addition to standard scattering processes (see Supple-
mentary Information Sec. I). This energy scale is close to
the proton fluctuations (T1 = 7.7 K), indicating that res-
onance scattering arises between the acoustic phonons
and the optical mode from the hydrogen bonds. Here,
it should be noted that we can rule out the possibility
of a spin–phonon scattering for the suppression of κHph,
because the spin–orbit coupling of H-Cat is very weak,
as confirmed by the small field dependence of κH (see
the inset of Fig. 4b). Thus, it appears that the thermal
fluctuations of the hydrogen bonds strongly suppress κH
above 2 K.
Below 2 K, κH rapidly increases and eventually exceeds
κD (Fig. 3a). This rapid increase of κH may come from an
increase in κHsp. We now investigate the behaviour of κ
H
sp
at lower temperatures, which provides essential informa-
tion on the low-lying excitation spectrum characterizing
the QSL state [27, 28]. As shown in the dotted lines in
Fig. 3b, both κHph and κ
D
ph exhibit a T
2-dependence rather
than the conventional T 3-dependence. This is originated
from the influence of high-quality crystals with specu-
lar surfaces (see Supplementary Information Sec. II). The
zero-temperature extrapolation of κH/T shows a finite
residual (Fig. 3b), thereby demonstrating a gapless spin
excitation with high mobility (the mean free path of the
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A clear residual κ/T in the zero-temperature limit is resolved for H-Cat.
gapless spin excitations lsp is estimated to be ∼ 120 nm;
See Supplementary Information Sec. III). This result is
consistent with recent magnetic torque measurements [4]
of H-Cat.
A key question raised here is how the gapless QSL
state is stabilized in H-Cat. In organic QSL can-
didates with a triangular lattice, charge fluctuations
near a Mott transition [18–24] have been pointed out
to play an important role for stabilizing the QSLs.
However, H-Cat is located deeper inside the Mott-
insulating phase as compared to the other organic
QSL candidates, κ-(BEDT-TTF)2Cu2(CN)3 (ref. 11)
and EtMe3Sb[Pd(dmit)2]2 (refs 12 and 30). The distance
from a Mott transition is inferred from the ratio of the
on-site Coulomb repulsion U to the transfer integral t,
which is given by U/t ∼ t/J . Whereas the transfer in-
tegrals are comparable among the three materials, J for
H-Cat is ∼ 1/3 compared to that for the other two (see
Supplementary Information Sec. IV); this means that U/t
is significantly large in H-Cat. Indeed, H-Cat sustains an
insulating behaviour even at 1.6 GPa (ref. 3), whereas the
other two compounds become metallic at 0.4–0.6 GPa
(ref. 31); this result also supports that H-Cat is far from
the Mott transition. Therefore, the QSL in H-Cat should
be stabilized using a completely different mechanism.
Figure 4a shows the temperature dependence of the
dielectric constant ǫr, the thermal conductivity divided
by temperature κ/T and the magnetic susceptibility χ
(ref. 4) for H-Cat. Below 2 K, the thermal conductiv-
ity increases upon entering the QPE state, where ǫr sat-
urates. This characteristic temperature coincides with
the temperature at which the susceptibility becomes con-
stant; this occurs when the spin correlation develops in
the QSL state [4]. This coincidence of the QPE and QSL
states is surprising and strongly suggests that the devel-
opment of the quantum proton fluctuations triggers the
emergence of the QSL. We now theoretically analyze the
effects of proton dynamics on the QSL state. In H-Cat,
the charge degrees of freedom of the hydrogen bonds and
the π-electrons are strongly coupled because of the charge
neutrality within the H3(Cat-EDT-TTF)2 supramolecule
(see Figs 1b and c). A minimal and realistic model that
describes the coupling between π-electrons and hydrogen
bonds is the extended Hubbard model coupled with the
proton degree of freedom; this model captures the essence
of this system, namely that the proton and charge degrees
of freedom are strongly entangled in H-Cat (see Supple-
mentary Information Sec. V). According to this model,
charge fluctuations between the two molecules inside a
dimer are governed by proton fluctuations (∼ 1 meV),
which are comparable to the magnetic exchange interac-
tion J in the π-electron spin system. Such low-energy
charge fluctuations lead to a dynamical modulation of J
as well as a reduction of the on-site Coulomb repulsion
U due to the bi-polaron effect [32], both of which may
destabilize the magnetic long-range order, that is, induce
a QSL state.
Finally, we discuss the magnetic field dependence of
the thermal conductivity κ(H) in the novel QSL state
of H-Cat. As shown in Fig. 4b, the field dependence
of κ(H) is much weaker in H-Cat than in κ-(BEDT-
TTF)2Cu2(CN)3 (ref. 27) and EtMe3Sb[Pd(dmit)2]2
(ref. 28). The magnetic field dependence of the ther-
mal conductivity in κ-(BEDT-TTF)2Cu2(CN)3 and
EtMe3Sb[Pd(dmit)2]2 has been discussed in terms of an
inhomogeneous QSL [33] and a dichotomy of gapless and
gapped excitations [28], respectively. Conversely, the ob-
served small field dependence of the thermal conductiv-
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ity in H-Cat suggests that a more globally homogeneous
QSL with gapless excitations is realized in this system.
This difference may highlight the unique feature of H-
Cat, namely, that the QSL is induced by quantum pro-
ton fluctuations rather than charge fluctuations near a
Mott transition, as discussed above. Thus, our find-
ings suggest that a novel quantum entangled state, that
is, a quantum-disordered state of magnetic and electric
dipoles emerges in H-Cat from cooperation between the
electron and proton degrees of freedom. Utilizing such a
strong coupling between multiple degrees of freedom will
advance our explorations of quantum phenomena such
as orbital–spin liquids [2, 34] and electric-dipole liquids
[9, 23].
METHODS
Sample preparation. Single crystals of κ-H3(Cat-
EDT-TTF)2 and κ-D3(Cat-EDT-TTF)2 were prepared
by the electrochemical oxidation method, as described in
refs 3 and 5. A typical sample size for both compounds
is ∼ 0.03 mm × 0.12 mm × 1.0 mm.
Dielectric measurements. The dielectric permittiv-
ity measurements were carried out down to 0.4 K in a 3He
cryostat using an LCR meter (Agilent 4980A) operated
at 1 MHz along the a∗ direction, which is perpendicu-
lar to the b-c plane. The experiment was limited to the
a∗-axis direction by the plate-like shape of the sample.
Thermal conductivity measurements. The
thermal-transport measurements were performed by a
standard steady-state heat-flow technique in the temper-
ature range from 0.1 to 10 K using a dilution refrigerator.
The heat current was applied along the c axis. The mag-
netic field was applied perpendicularly to the b-c plane
up to 10 T. We attached two precisely calibrated RuO2
thermometers in the magnetic field and one heater on the
sample.
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Supplementary Information:
Quantum-disordered state of magnetic
and electric dipoles in a
hydrogen-bonded Mott system
I. RESONANCE SCATTERING ARISING
FROM HYDROGEN-BOND DYNAMICS
To investigate how the phonon thermal conductivity
is suppressed in H-Cat, we applied the Callaway model
that describes a phonon thermal conductivity κph [S1]:
κph =
kB
2π2vph
(kB
~
)3
T 3
∫ ΘD/T
0
x4ex
(e2 − 1)2 τ(ω, T )dx,
(S1)
where vph is the average sound velocity of the phonons,
ΘD is the Debye temperature, τ is the total phonon relax-
ation rate and ω is the frequency of phonons; moreover, ~
and kB are the reduced Planck and Bolzmann constants,
respectively, and x = ~ωkBT . By fitting the Debye model
to the specific-heat data, the values of vph and ΘD were
estimated as 1.7 km/s and 220 K, respectively. τ(ω, T )
was approximated as [S2, S3]:
1/τ(ω, T ) =
vph
L
+Aω +Dω4 +Bω2T exp
(
−ΘD
fT
)
+ g
( ω4
ω2 − ω20
)2[
1− h tanh2
(
~ω0
2kBT
)]
, (S2)
where the first three terms represent the phonon scat-
terings at the sample boundaries, dislocations and point
defects, respectively, and the last two terms stand for the
scatterings caused by phonon–phonon (Umklapp) pro-
cesses and a resonance mode, respectively. Here L, A,
D, B, f , g and h are constant coefficients and ω0 is the
resonance frequency. Using this model, we evaluated the
phonon thermal conductivity of H-Cat above 2 K, where
the spin contribution κsp is small. For comparison, we
also analyzed the thermal conductivity of D-Cat in the
same temperature range.
As shown in Fig. S1, κ(T ) for D-Cat is fitted by the
above τ(ω, T ) without a resonance mode. In H-Cat, κ(T )
is well reproduced only by adding a single resonance scat-
tering process with an energy of ~ω0/kB ∼ 8 K to the fit-
ting result of D-Cat. The fitting parameters (summarized
in Table S1) are in good agreement with those of other
quantum spin systems [S2]. This result indicates that the
resonance mode strongly suppresses the phonon thermal
conductivity of H-Cat. As H-Cat possesses both proton
and spin degrees of freedom, this extra resonance scatter-
ing comes from either proton–phonon scattering or spin–
phonon scattering. The resonance scattering energy al-
most coincides with the proton fluctuations (T1 = 7.7 K),
which suggests that the resonance scattering arises from
the optical mode associated with the hydrogen bonds.
Here, we can safely exclude spin–phonon scattering as
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Figure S1. Temperature dependence of κ/T for H-Cat (filled
red symbols) and D-Cat (open green symbols) over the tem-
perature range 2–10 K in the zero-field. Solid and dashed
lines are the Callaway model fits to H-Cat and D-Cat data,
respectively.
the origin of the resonance scattering because of the fol-
lowing reasons. The spin–phonon scattering should be
strongly quenched by Zeeman splitting under a magnetic
field, which changes the field dependence of the thermal
conductivity κ(H). However, κ(H) does not strongly de-
pend on the magnetic field up to 10 T (see the inset
of Fig. 4b). Moreover, the g-value only slightly deviates
from 2 and thereby supports that the spin–orbit cou-
pling causing the spin–phonon scattering is very weak
[S4]. Thus, we conclude that the strong suppression of
κph for H-Cat results from resonance scattering, which
itself arises from the hydrogen-bond dynamics.
II. SPECULAR SCATTERING AT SAMPLE
SURFACES
Here, we explain the observed T 2-dependence of κph
in H-Cat and D-Cat below ∼ 0.25 K. According to the
kinetic equation, κph depends on the heat capacity of the
phonons Cph, the sound velocity vph and the mean free
path of phonon lph:
κph =
1
3
Cphvphlph. (S3)
In general, lph and vph become essentially constant with
temperature and Cph varies as Cph ∝ T 3 at tempera-
tures significantly lower than ΘD, leading to the relation
κph ∝ T 3. However, we found that κph ∝ T 2 holds
true at sufficiently low temperatures in both H-Cat and
D-Cat even though the specific-heat measurements sup-
ports Cph ∝ T 3. Such unexpected behaviours are often
observed in glassy materials [S5] or in high-quality crys-
tals with specular surfaces [S6–S8]; in these cases, lph
2Table S1. Fitting parameters of Eqs (S1) and (S2) for the thermal conductivity data.
L (m) A D (s3) B (K−1s) f g (s−1) h ~ω0
kB
(K)
H-Cat 0.3× 10−3 3.64 × 10−4 8.04× 10−41 2.32× 10−14 2.65 1.47 × 109 0.975 8
D-Cat 0.3× 10−3 3.64 × 10−4 8.04× 10−41 2.32× 10−14 2.65 – – –
continues to increase with decreasing temperature. In
glassy materials, impurity scattering reduces lph to below
the width or thickness of the sample, whereas in high-
quality crystals, lph can exceed the sample size. Here, we
estimated lph of D-Cat, for which κ = κph. As shown
in Fig. S2, lph of D-Cat continues to increase with de-
creasing temperature and extends well beyond the sample
boundaries assuming that the value of vph (∼ 1.7 km/s)
remains independent of temperature. This result sup-
ports the occurrence of specular surface scattering in the
present system, which is the cause of the T 2-dependence
of κph.
III. THERMAL PROPERTIES OF ITINERANT
SPIN EXCITATIONS
We investigated the low-lying spin excitation spectrum
that characterizes the quantum spin liquid (QSL) states.
The spin contribution κsp in H-Cat is extracted by sub-
tracting the phonon contribution κph from the total ther-
mal conductivity κ = κsp+κph. As shown by dashed lines
in Fig. 3b, κ/T at low temperatures is well fitted to the
formula κ/T = η0+βT , where η0 and β are constant co-
efficients. A finite residual η0 of ∼ 0.06 W/K2m is clearly
resolved in the zero-temperature limit (Fig. 3b). We note
that the residual term is also finite (∼ 0.11 W/K2m;
see Fig. S3) despite application of the conventional form
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Figure S2. Temperature dependence of lph for D-Cat. Blue
and orange dotted lines represent the typical width and thick-
ness of single crystals of D-Cat, respectively.
κ/T = η0 + βT
2. The residual κ/T shows that the spin
excitation from the ground state is gapless.
We next estimated the mean free path of the spin ex-
citations lsp [S9]. Analogous to the case of phonons,
we assumed that
κsp
T =
1
3
Csp
T vsplsp, where Csp is the
specific heat and vsp is the velocity of the spin excita-
tions. Here, we adopted the standard formula of two-
dimensional fermion
Csp
T =
pi2
3 k
2
BNF
1
d , where NF is the
density of states at the Fermi surface and d = 1.47 A˚ is
the interlayer spacing. We also assumed that the linear
term η0 arises from fermionic excitations and described
the energy dispersion as ǫ(k) = ~vspk, where k is the
wave number. In this case, the Fermi energy becomes
comparable to the spin interaction J and the Fermi wave
number is written as kF = 1/a, where a = 8.36 A˚ is
the nearest-neighbour spin distance. From the above
equations, we obtained η0 =
pi
9
k2B
~
lsp
ad . Because the es-
timated residual η0 is at least 0.06 W/K
2m (see the inset
of Fig. S3), we found that lsp exceeds 120 nm at zero
temperature; that is, the spin excitations are mobile to a
distance 100 times the inter-spin distance without being
scattered. Such highly mobile spin excitations apparently
result from the extremely long spin correlation length.
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Figure S3. Low-temperature plot of κ/T as a function of T 2
in H-Cat. The dashed line represents a fit to κ/T = η0+βT
2,
where η0 and β are constant coefficients. Inset: η0 versus
the exponent α, where κ/T = η0 + βT
α−1. A finite η0 is
clearly observed for all α. The minimum and maximum values
of η0 at α = 2–3 are approximately 0.06 and 0.11 W/K
2m,
respectively.
3IV. ESTIMATION OF DISTANCE FROM MOTT
TRANSITION
The distance from a Mott transition can be estimated
from the ratio of the on-site Coulomb repulsion U to
the transfer integral t, which is given by U/t ∼ t/J ,
where J is the spin interaction. The value of t is cal-
culated to be 30–40 meV for H-Cat [S10], ∼ 50 meV
for κ-(BEDT-TTF)2Cu2(CN)3 [S11, S12] and 25–40 meV
for EtMe3Sb[Pd(dmit)2]2 [S13]. Note that t is compara-
ble among the three materials. By contrast, J/kB of
H-Cat is estimated as ∼ 80 K [S4] and as ∼ 1/3 in the
other two compounds (J/kB ∼ 250 K for both κ-(BEDT-
TTF)2Cu2(CN)3 [S14] and EtMe3Sb[Pd(dmit)2]2 [S15]).
Consequently, H-Cat has a relatively large U/t; this in-
dicates a large distance from the Mott transition.
V. THEORETICAL MODEL OF AN
ELECTRON-PROTON COUPLED SYSTEM
We introduce a minimal model that describes a cou-
pling between the π-electron and proton degrees of free-
dom in H-Cat and D-Cat. The model Hamiltonian is
given by
H = He +Hp, (S4)
where the first term He describes the π-electron system
and the second term Hp represents the proton system
coupled with the π-electrons. The first term is given by
the extended Hubbard model (EHM):
He = td
∑
iσ
(c†iασciβσ +H.c.) +
∑
〈ij〉σ
tµµ
′
ij (c
†
iµσcjµ′σ +H.c.)
+ U0
∑
iµ
niµ↑niµ↑ + Vd
∑
i
niαniβ +
∑
〈ij〉
V µµ
′
ij niµnjµ′ ,
(S5)
where ciµσ is the annihilation operator of a hole with
spin σ = (↑, ↓) at the µ (= α, β) molecule of the i-th
dimer, niµ ≡
∑
σ niµσ ≡
∑
σ c
†
iµσciµσ is the number op-
erator and td (Vd) is the intra-dimer transfer integral
(Coulomb interaction) between the α and β molecules
inside a dimer. Moreover, tµµ
′
ij (V
µµ′
ij ) is the inter-dimer
transfer integral (Coulomb interaction) between the µ
molecule of the i-th dimer and the µ′ molecule of the
j-th dimer and U0 is the intra-molecular Coulomb inter-
action (see Fig. S4a). The second term Hp in Eq. (S4) is
described by
Hp = 2tp
∑
i
P xi +
1
2
g
∑
〈ij〉
(niβ − njα)P zi , (S6)
where tp is the proton tunneling amplitude (proton-
fluctuation strength) [S16], g (> 0) is the coupling con-
stant between the hole and the hydrogen atom and Pi is a
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Figure S4. a, Schematic lattice structures of an intra-layer
(left) and inter-layer (right) for H-Cat. The ellipses represent
the [H(Cat-EDT-TTF)]0.5+ molecules and the two molecules
in a dimer (gray circle) are labelled α and β. The red,
green and blue lines represent the transfer integrals and the
Coulomb interactions introduced in the EHM (see text). The
black dotted lines indicate proton tunneling and the cou-
pling constant between the hole and the hydrogen atom. b,
Pseudo-spin directions in the P x–P z plane and the corre-
sponding states of the hydrogen atom. c, d, Schematic views
of hydrogen-bond ordered states (c) and an entangled state
(d) expected in the present theoretical model. For simplic-
ity, we consider the case of ζ = 0. The size of red circles
represents a relative hole density.
pseudo-spin operator with an amplitude of 1/2 describing
the proton degree of freedom at the i-th hydrogen bond.
Here, we define the eigenstates of P z as |+〉 and |−〉 , re-
spectively. In these states, the hydrogen atom is localized
at the right and left sides of the double potential minima,
respectively (see Fig. S4b). The eigenstates of P x, de-
noted by |A〉 = (|+〉+|−〉)/√2 and |B〉 = (|+〉−|−〉)/√2,
represent the bonding and anti-bonding states, respec-
tively (see Fig. S4b). This pseudo-spin representation
has been applied to hydrogen-bonded systems such as
the ferroelectric KH2PO4 (KDP) [S17, S18], where dis-
placive deformation of PO4 tetrahedrons is coupled with
O-H-O hydrogen dynamics.
We now consider a 1D chain of π-dimers and hydrogen
bonds in the strong electron correlation regime, where
the on-site Coulomb interaction is larger than the inter-
dimer Coulomb interaction. In this situation, for rel-
atively small tp, hydrogen-bond order occurs concomi-
tantly with charge order inside of the π-dimer, leading to
two types of ordering patterns. In one case, the hydro-
gen atoms are located at the same oxygen side for two
O-H-O hydrogen bonds and each hole is distributed to
the same molecular side of each dimer (see the left panel
of Fig. S4c). In the other case, each hydrogen atom is
located at the opposite oxygen side, leading to a state
4where one dimer is occupied by two holes and the other
is empty (see the right panel of Fig. S4c); this state cor-
responds to the non-magnetic D-Cat.
By contrast, for relatively large tp, any hydrogen or-
der does not occur owing to the strong proton tunneling
effect, which corresponds to the state for H-Cat. To in-
vestigate this state more closely, we consider the simplest
case, in which an isolated dimer occupied by one hole is
coupled to a proton. In this case, the ground-state wave
function is given by an entangled state (see Fig. S4d)
Φ1,2 = |a〉+|b〉 = (|α〉−ζ |β〉) |+〉+(|β〉−ζ |α〉) |−〉. Here,
|α〉 and |β〉 represent the states where the π electron is
localized at the α and β molecules inside the dimer, re-
spectively. In addition, |ζ| (< 1) expresses the degree of
hybridization of |α〉 and |β〉 induced by td. We stress that
when tp 6= 0, Φ cannot be described by a direct product
Φh ⊗ Φp, where Φh(p) is the hole (proton) wavefunction
expressed as a linear combination of |α〉 and |β〉 (|+〉
and |−〉), whereas at tp = 0, the eigenstates of |a〉 and
|b〉 are degenerate. Such a proton–electron entanglement
in the presence of tp has been confirmed in numerical
calculations of the exact diagonalization method in clus-
ter systems. Thus, proton tunneling tp is an important
factor for determining the ground states in the present
system. To clarify the origin of the QSL state and the
effects of the underlying proton–electron entanglement,
further theoretical studies are required.
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